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Abstract
In this paper we examine the LHC discovery potential of the lightest CP-odd Higgs
boson, a1, of the NMSSM produced in gluon fusion channel gg → a1. We evaluate the
inclusive signal rates of the a1 for a variety of decay channels and discuss its possible
discovery. It is observed that the overall production and decay rates at inclusive level
are quite sizable and should help extracting the a1 signal over some regions of the
NMSSM parameter space.
1 Introduction
The observation of a Higgs signal at the LHC [1–4] in 2012 is considered a huge success of the
Standard Model (SM). Although its measured properties agrees with the SM predictions, the
Higgs-like particle can be embedded in Supersymmetric models. In its minimal realisation,
the so-called Minimal Supersymmetric Standard Model (MSSM), the SM is extended by
introducing two Higgs doublets instead of the one in the SM, giving rise to five physical
Higgs states: two CP-even Higgses, h and H (mh < mH), one CP-odd Higgs, A, and
a pair of charged Higgses H± instead of the only one in the SM. However, the MSSM
suffers from two serious flaws. The first one is the so-called µ-problem [5] and the second
one is the little hierarchy problem [6, 7]. The above two problems of the MSSM can be
solved by expanding its Higgs sector by introducing an additional Higgs singlet superfield
in addition to the two MSSM-type Higgs doublets. This new model is called the Next-
to-Minimal Supersymmetric Standard Model (NMSSM) [8]. Interestingly, this model can
easily accommodate the the measured value of the SM-like Higgs boson mass around 125
GeV without much fine-tuning [9–22].
In the NMSSM, the soft Supersymmetry (SUSY)-breaking potential of the Higgs sector
is described by the following Lagrangian contribution
VNMSSM = m
2
Hu
|Hu|2 +m2Hd |Hd|2 +m2S|S|2 +
(
λAλSHuHd +
1
3
κAκS
3 + h.c.
)
, (1)
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where Hu and Hd are the Higgs doublet fields, S is the singlet one, λ and κ are Yukawa
coupling parameters while Aλ and Aκ are dimensionful parameters of the order of SUSY
mass scale MSUSY.
The NMSSM Higgs sector at the tree-level is described by six independent parameters:
κ, Aκ, λ, Aλ, tanβ (the ratio of the vacuum expectation values (VEVs) of the two Higgs
doublets) and µeff = λ〈S〉 (where 〈S〉 is the VEV of the singlet field). Assuming CP-
conservation in the Higgs sector, the NMSSM contains seven Higgs states: three CP-even
Higgses h1,2,3 (mh1 < mh2 < mh3), two CP-odd Higgses a1,2 (ma1 < ma2) and a pair of
charged Higgses h±. Consequently, the Higgs sector of the NMSSM is phenomenologically
richer than that of the MSSM. Further, when the scalar component of the singlet field
acquires a non-vanishing vacuum expectation value, the µ-term in the superpotential will be
dynamically generated, thus solving the µ-problem [23].
In the NMSSM, a1 state is a composition of the usual doublet component of the CP-odd
MSSM Higgs boson, aMSSM, and the new singlet component, aS, coming from the singlet
superfield of the NMSSM. This can be written as [24]:
a1 = aMSSM cos θA + aS sin θA, (2)
where cos θA and sin θA are the mixing angles. When cos θA goes to zero, the a1 is highly
singlet. To a good approximation the ma1 can be written as:
m2a1 =
9Aλµeff
2 sin 2β
cos2 θA − 3κAκµeff
λ
sin2 θA. (3)
It is clear from the last equation that all the tree level parameters of the NMSSM Higgs
sector jointly affects ma1 in general.
There have been some studies exploring the production potential of the NMSSM CP-
odd Higgs states at the LHC and other colliders [25–39]. It was found that the best direct
production channel of producing the lightest CP-odd Higgs state a1 is through its production
in association with a bottom antibottom pair bb¯a1. However, there is still no a comprehensive
study about the detectability of the CP-odd Higgs particles at the LHC in gluon fusion
production channel gg → a.
In this paper, we explore the discovery potential of the a1 at the LHC by looking for its
direct production rather than looking for its traditional production through h1,2 decay. We
examine the discovery potential of the a1 produced in gluon fusion channel gg → a1 through
a variety of decay modes. We will estimate the inclusive cross section of the a1 production
to examine whether or not there exist some parameter space where the a1 can be discovered
at the LHC although detail analysis of the background is required to make a conclusive
decision. It is shown that there is some regions of the NMSSM parameter space where the
cross sections times branching ratio rates are quite remarkable for some decay channels and
can be useful to look for the a1 signals at the LHC through the above production channel.
The plan of this paper is as follows. In section 2 we describe the parameter space scans
performed in the context of the NMSSM and discuss the allowed decay channels of the a1.
In section 3 we present the inclusive event rates of a1 production at the LHC for various
decay channels. Finally, we summarize our results in section 4.
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2 Exploring the NMSSM Parameter Space
For our study of the NMSSM Higgs sector we have used the package NMSSMTools5.1.2
[40–42] for the calculation of the branching ratios and spectrum of Higgs bosons and SUSY
particles of the NMSSM. The package systematically takes into account various theoretical
and experimental constraints.
We have used the above package to scan over some regions of the NMSSM parameter
space in order to obtain a general view of the phenomenology of the lightest CP-odd Higgs
boson, a1, at the LHC. We have set the six tree level parameters in the following ranges:
0.001 ≤ λ ≤ 0.7, −0.65 ≤ κ ≤ 0.65, 1.6 ≤ tan β ≤ 60,
100 ≤ µ ≤ 1000 GeV, −2000 ≤ Aλ ≤ 2000 GeV, −20 ≤ Aκ ≤ 20 GeV.
Notice that we have chosen the small values of Aκ to obtain small values of the ma1 . Remain-
ing soft SUSY breaking right- and left-handed masses for the first two generations and for
the third generation, soft SUSY breaking trilinear couplings and gaugino soft SUSY breaking
masses, contributing at higher order level, have been set as:
• mQ = mU = mD = mL = mE = 1 TeV,
• mQ3 = mU3 = mD3 = mL3 = mE3 = 1 TeV,
• AU3 = AD3 = AE3 = −2 TeV,
• M1 = 150 GeV, M2 = 300 GeV, M3 = 1 TeV.
The interesting decay channels which may help to discover the lightest CP-odd neutral
Higgs boson a1 at the LHC are:
a1 → µ+µ−, τ+τ−, gg, ss¯, cc¯, bb¯, tt¯, γγ, Zγ, sparticles. (4)
We have performed a random scan over one million points in the specified parameter
space. The scan output contains masses, branching ratios and couplings of the NMSSM
Higgses and SUSY particles for all the surviving points which have passed the various ex-
perimental and theoretical constraints.
3 Higgs boson Signal Rates
In order to investigate the discovery potential of the a1 at the LHC, we have computed
the inclusive production rates by multiplying the NMSSM gluon fusion production cross
section using CalcHEP [43] with the branching ratios computed with the NMSSMTools for
all surviving data points 2.
Figure 1 shows the production rates in femtobarn (fb) for the a1 in the τ
+τ− and µ+µ−
final states, σ(gg → a1) Br(a1 → τ+τ−) and σ(gg → a1) Br(a1 → µ+µ−), as functions of
ma1 and of the corresponding branching ratios. As expected, the signal rate decreases with
increasing ma1 , see the left-panels of the figure. Also, it is remarkable to notice that the
signal rates into τ+τ− and µ+µ− are sizable, topping the 7.3× 105 fb and 2.8× 103 fb levels
2We assume a centre-of-mass energy
√
s = 14 TeV for the LHC.
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for τ+τ− and µ+µ− final states, respectively, for small values of ma1 and decreasing rapidly
with increasing ma1 (left-panels). Further, it is clear that the rate into µ
+µ− final state shows
the same pattern as the ones into τ+τ− but is suppressed by a factor of ≈ (mpoleµ /mpoleτ )2.
Also, notice that Br (a1 → τ+τ−) and Br (a1 → µ+µ−) reaches about 10% and 0.035%,
respectively, in most of the parameter space that has ma1 ≥ 10 GeV, in which case the a1
decay into bb¯ is kinematically open and dominant. However, there is a few points with light
a1, ma1 < 10 GeV, yielding large Br(a1 → τ+τ−) and Br(a1 → µ+µ−) greater than 90% and
0.4%, respectively, see the right-panels of the figure 3.
Overall, the inclusive cross section σ(gg → a1) Br(a1 → τ+τ−) is quite large, so the
τ+τ− decay channel could be a good channel to discover the a1 at the LHC, assuming the
double- or single-leptonic decay channels of the τ ’s. As for the µ+µ− final state, the rates
σ(gg → a1) Br(a1 → µ+µ−) is also remarkable for a1 low mass. For example, for ma1 ∼
100 GeV, one can have up to several thousands events in the µ+µ− channel at 100 fb−1
integrated luminosity. Therefore, the µ+µ− decay channel is a promising channel to discover
a light a1.
The signal rates for a1 decaying into bb¯ and tt¯ as functions ofma1 and of the corresponding
branching ratios are shown in figure 2. The top-left panel of the figure shows that the signal
rate in the bb¯ final state is quite large, as the rates are at nb level for ma1 ≤ 100 GeV and
at fb level for ma1 ≃ 300 GeV. Also, it is clear from the top-right panel of the figure that for
most points of the NMSSM parameter space the a1 dominantly decays into bb¯ final states
with branching fraction close to 90%. Although, the discovery of the a1 through bb¯ channel
is challenging due to large backgrounds, the size of the inclusive cross section is large enough
to discover the a1 especially if the background can be successfully reduced to manageable
levels. As for the top quark pair final states, the signal rates are small, below 1 fb level,
see the bottom-panels of the figure. Therefore, we think that the a1 production at the LHC
through tt¯ final state is challenging due to the smallness of the signal rate and its complicated
final state 4.
Figure 3 shows the distribution of event rates σ(gg → a1) Br(a1 → γγ) and σ(gg →
a1) Br(a1 → Zγ) as functions of ma1 and of the corresponding branching ratios Br(a1 → γγ)
and of Br(a1 → Zγ). It is remarkable to notice that the rates are quite large, reaching
maximum rates of about several hundreds fb for γγ and several tens fb for Zγ final states.
This is quite interesting as such signal events may be detectable at planned LHC luminosities.
Also, it is obvious that the Br(a1 → γγ) and Br(a1 → Zγ) can be dominant in some regions
of the NMSSM parameter space, see the right-panes of the figure. This occurs when the a1
is mostly singlet-like with a very small doublet component, i.e. the mixing angle cos θA is
very small, see figure 4. Such a possibility emerges when the tree-level decay to fermion-
antifermion are highly suppressed, and so the decays a1 → γγ and a1 → Zγ are dominant,
due to large contributions from chargino loops.
Higgs bosons decaying into supersymmetric particles could play important roles for
3Notice that the mass region below the bb¯ threshold is severely constrained, see, e.g., Ref. [44] (and
references therein).
4We do not study the inclusive production rates for the decays a1 → ss¯, a1 → cc¯ and a1 → gg due to
large QCD backgrounds and smallness of their production rates in general
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searching for such bosons. For example, to study the possibility of the a1 production to
SUSY particles, we have calculated the inclusive signal rates for the a1 decaying into the
lightest neuralinos χ01χ
0
1 and into charginos χ
+
1 χ
−
1 , see figure 5. It is shown that the maximum
signal rates are a few tens for the former and a few fb for the latter. The right-panels of the
figure show that the Br(a1 → χ01χ01) and Br(a1 → χ+1 χ−1 ) can be dominant in large regions of
the NMSSM parameter space due to the enhancement of a1 couplings with singlino-Higgsino
components in χ01, χ
+
1 and χ
−
1 states
5. Notice that if the a1 is highly singlet and its decays
into χ01χ
0
1 or into χ
+
1 χ
−
1 are kinematically open, the Br(a1 → γγ) and Br(a1 → Zγ) are no
longer dominant, see figure 6, where the maximum values of both the Br(a1 → γγ) and
Br(a1 → Zγ) are ≤ 1% (top-panels) and ≤ 0.01% (bottom-panels), in which case the a1
decay into χ01χ
0
1 or into a1 → χ+1 χ−1 becomes dominant.
Assuming R-parity is conserved, the lightest Supersymmetric particle (LSP) could be the
lightest neutralino χ01 in large regions of the parameter space of the NMSSM. If this particle
is highly singlet, it will easily reach Dark Matter (DM) relic density and become an ideal
particle for cold dark matter. So, the generic signatures of supersymmetric particles will
involve missing energy due to the two neutral stable χ01s which escape the detector making
the discovery of the a1 at the LHC is challenging.
4 Conclusions
The SM-like Higgs boson mass of the range ∼ 125 GeV can be accommodated in the frame-
work of the NMSSM without much fine-tuning. In this model, by assuming CP-conservation,
there are seven Higgs bosons: three CP-even, two CP-odd and a pair of charged Higgses. We
have investigated the discovery potential of the lightest CP-odd Higgs boson a1 produced
through the gluon fusion production channel gg → a1 at the LHC with high center of mass
energy,
√
s = 14 TeV in the context of the NMSSM. After computing the inclusive signal
rates for τ+τ−, µ+µ−, bb¯, tt¯, γγ, Zγ, χ01χ
0
1 and χ
+
1 χ
−
1 decay channels, we have found that
the a1 can have sizable signal rates in some regions of the NMSSM parameter space. While
further studies about signal-to-background analysis are needed to make a final decision, we
believe that the promising decay channels for the a1 discovery at the LHC in the gluon fusion
channel are τ+τ−, µ+µ−, bb¯, γγ, Zγ channels.
Furthermore, we have noticed that the Br(a1 → γγ), Br(a1 → Zγ), Br(a1 → χ01χ01) and
Br(a1 → χ+1 χ−1 ) can be dominant in some regions of the NMSSM parameter space. However,
the Br(a1 → γγ) and Br(a1 → Zγ) can only be dominant if the a1 is highly singlet with
a very small doublet component and both the channels a1 → χ01χ01 and a1 → χ+1 χ−1 are
kinematically closed. If the a1 is a singlet-like and the channel a1 → χ01χ01 or a1 → χ+1 χ−1
is kinematically open, the a1 decays into γγ and into Zγ are no longer dominant, in which
case the a1 decay into χ
0
1χ
0
1 or into a1 → χ+1 χ−1 becomes substantial and dominant.
5The a1 decay into lightest neutralino contributes to its invisible decay width.
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Figure 1: The production rates for σ(gg → a1) Br(a1 → τ+τ−) (top) and σ(gg →
a1) Br(a1 → µ+µ−) (bottom) as functions of ma1 (left) and of corresponding branching
fractions (right).
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Figure 2: The production rates for σ(gg → a1) Br(a1 → bb¯) (top) and σ(gg → a1) Br(a1 →
tt¯) (bottom) as functions of ma1 (left) and of corresponding branching fractions (right).
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Figure 3: The production rates for σ(gg → a1) Br(a1 → γγ) (top) and σ(gg → a1) Br(a1 →
Zγ) (bottom) as functions of ma1 (left) and of corresponding branching fractions (right).
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